the temperature dependence of the resistivity (ρ) of Ag-doped Bi 2 se 3 (Ag x Bi 2−x se 3 ) shows insulating behavior above 35 K, but below 35 K, ρ suddenly decreases with decreasing temperature, in contrast to the metallic behavior for non-doped Bi 2 se 3 at 1.5-300 K. This significant change in transport properties from metallic behavior clearly shows that the Ag doping of Bi 2 se 3 can effectively tune the Fermi level downward. The Hall effect measurement shows that carrier is still electron in Ag x Bi 2−x se 3 and the electron density changes with temperature to reasonably explain the transport properties. Furthermore, the positive gating of Ag x Bi 2−x se 3 provides metallic behavior that is similar to that of nondoped Bi 2 se 3 , indicating a successful upward tuning of the Fermi level.
Topological insulators are currently one of the most attractive research subjects in solid state physics because they are a new type of material characterized by gapless edge (surface) states and a finite energy gap [1] [2] [3] . These features are completely protected by time-reversal symmetry. The Bi compound Bi 1-x Sb x was the first to be confirmed as a 'three-dimensional (3D) topological insulator' 4 , which had been theoretically predicted by Fu and Kane 5 . Since that discovery, many 3D topological insulators have been reported among Bi compounds [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Among these, Bi 2 Se 3 has been extensively studied because its simple surface states consist of a single Dirac cone 6 . However, the electronic state of real Bi 2 Se 3 single crystals as prepared is not so simple, since electrons are naturally accumulated due to the deficiency of Se [16] [17] [18] , i.e., the Fermi level reaches the conduction band of the bulk crystal, leading to difficulty in detecting surface states. Consequently, the Fermi level tuning is very important for topological insulator, Bi 2 Se 3 .
One way to solve this problem is the doping of Bi 2 Se 3 (substituting another element for Bi). Ca doping of Bi 2 Se 3 enabled the tuning of the Fermi level downward so that it approached the Dirac point 19, 20 . Furthermore, Bi 2 Te 1.95 Se 1.05 showed the insulating behavior characteristic of having the Fermi level lying on the Dirac point 9 . This ternary compound was followed by a quaternary compound, Bi 2−x Sb x Te 3−y Se y 21, 22 . This compound's Fermi level could be tuned by adjusting the value of x, which was determined by angle-resolved photoemission spectroscopy (ARPES) 22 ; at x = 1.0 the Fermi level reached the Dirac point. Thus, pursuing techniques for detecting surface states that are hidden by bulk states is important in the study of real single crystals of topological insulators. Furthermore, the Ca doping of Bi 2 Se 3 described above leads not only to the tuning of the Fermi level but the scattering of carriers 20 . Therefore, various ways must be investigated to detect surface states without any additional damage. Thus, the successful discovery of new dopant for tuning the Fermi level is of significance, even if the Fermi level does not yet reach surface states. Furthermore, an upward tuning of the Fermi level for the electron-depleted (or hole-doped) Bi 2 Se 3 is also important for the control of not only electronic structure but also electric transport. The Fermi level tuning by combination of metal doping and electrostatic carrier doping is an important way in materials design to induce novel physical properties.
In this study, we have doped Bi 2 Se 3 with a small quantity of Ag atoms and characterized its transport properties in field-effect transistor (FET) structured devices. The transport properties were measured over a wide temperature range from 300 to 1.5 K, and the Hall effect was measured from 250 to 10 K to follow the transport properties.
. However, it is unclear whether Ag is not intercalated, because the lattice constant c does not so increase even in case of both the intercalation and the substitution for Bi 24, 25 . Furthermore, the refinement of crystal structure also shows that no Ag atoms appear in any location other than the 6c and 3a sites which are occupied by Bi and Se, indicating that Ag may not be intercalated into the Bi 2 Se 3 lattice. Namely, the difference Fourier map calculated from XRD for Ag doped Bi 2 Se 3 , where Ag, Bi and Se atoms are located at only the above sites, showed no electron density at other sites. Considering that Bi and Ag atoms become cations (Ag + and Bi 3+ ), Bi must be replaced by Ag, implying that hole is doped in Bi 2 Se 3 by the replacement of Bi 3+ with Ag + . Our recent experiment of X-ray fluorescence holography suggested that Ag was substituted for Bi, i.e., Ag 0.05 Bi 1.95 Se 3 26 . Furthermore, the X-ray photoelectron holography provided the same conclusion 27 . As described later, hole accumulation due to Ag doping was further supported by the transport measurement. As a consequence, the chemical formula of Figure 1d shows the structure of an Ag 0.05 Bi 1.95 Se 3 single-crystal FET with a 300-nm thick SiO 2 gate dielectric. The transport properties were measured using this device structure. The values of resistivity (ρ (=RWt/L), sheet resistivity (ρ s (=RW/L)) and sheet conductance (σ s (=1/ρ s )) were evaluated from the slope (or R) derived by the linear fitting of the V-I plots in four-terminal or two-terminal measurement mode where R, L, W, and t are resistance, channel length, channel width, and thickness of the single crystal, respectively, shown in Fig. 1d . Details of measurement are described in Methods, and the measurement mode for each graph (transport property) is described in each As described in the section of characterization of this paper, the ρ-T plot was always the same (metallic) in the Bi 2 Se 3±δ single crystals with different Se amounts used in this study, and that of Ag doped Bi 2 Se 3±δ was also the same (inverse V-shaped ρ-T plot), guaranteeing that the reliable comparison in electric transport between Bi 2 Se 3 and Ag doped Bi 2 Se 3 . From this study, the inhomogeneity of Se within δ seems not to affect the transport property. Namely, we can discuss only the effect of Ag doping on transport property in this study.
Carrier density of Ag 0.05 Bi 1.95 se 3 . To pursue this inverse V-shaped ρ-T plot more precisely, we measured Hall effect of 82 nm-thick Ag 0.05 Bi 1.95 Se 3 single crystal; the device structure used for Hall effect measurement is shown in Fig. 2(b) . Hall effect was measured by applying perpendicular magnetic field B to the substrate from −1 to 1T. Hall resistance, R yx , was a linear function of B in this range, and Hall coefficient R H was obtained from R H = t dR yx /dB. The R H shows carrier type and carrier density because of R H = -(ne) −1 for electron and R H = (ne)
for hole, where n (>0) and e (>0) refer to carrier density and elementary charge, respectively; the R H is given in SI unit. The observed R H value was negative, showing that the carrier is still electron. Figure 2c shows n-T plot, which completely provides the V-shaped structure. This is consistent with the ρ-T plot. Here, we must stress that the inverse V-shaped ρ-T plot is completely reproduced in the sample (82-nm thick Ag 0.05 Bi 1.95 Se 3 single crystal) used for the Hall effect measurement. As a consequence, the increase in ρ can be well explained by the decrease in n, and the n value exactly becomes minimum at the transition temperature, T cr , in ρ-T plot (T cr = 35 K in Fig. 2a ). This unambiguous consistence means that the ρ-T plot reflects the variation of electron density against temperature. Here, we must comment on the n value for Ag 0.05 Bi 1.95 Se 3 . The minimum n is 4.7 × 10 18 cm −3 at 35 K, which corresponds to the carrier density per area, n s (=nt), of 3.8 × 10 13 cm −2 . The value of the minimum n s further exceeds ~1 × 10 13 cm −2 which is the maximum density for pure surface conduction in Bi 2 Se 3 12,28 . Therefore, the n meaningfully includes bulk carrier density in the conduction band at all temperatures. This suggests that the decrease in the resistivity below T cr originates from the increase in bulk conductivity.
Recently, the variability of the transport properties of Sb-doped Bi 2 Se 3 was investigated in FET structured devices 12 , showing metallic behavior in non-doped Bi 2 Se 3 and non-metallic behavior in 6-7% Sb-doped Bi 2 Se 3 . The ρ-T plot of Ag 0.05 Bi 1.95 Se 3 (Fig. 2a) is similar to the R s -T of 6-7% Sb-doped Bi 2 Se 3 ; R s is sheet resistance (R s = RW/L = ρ s ). Moreover, the R s of Sb-doped Bi 2 Se 3 increased by an order of magnitude 12 . The behavior is similar to the case of Ag-doped Bi 2 Se 3 (Fig. 2a) , although the ratio of increase is less than twice. Considering transport property of Sb-doped Bi 2 Se 3 12 and the n determined from Hall effect, we concluded that the Fermi level of Ag 0.05 Bi 1.95 Se 3 probably lied on the bottom area of conduction band or the top of surface states. Admittedly, preliminary ARPES suggests the crossing of the Fermi level to the bottom of conduction band (not shown); the ARPES of this sample changed gradually under the irradiation of light during the measurement. Thus, the ARPES study must be more precisely examined because the ARPES easily varies under various conditions 29 . Moreover, the transfer plot at 60 K shown in Fig. 3 (a) exhibited different slope above/below V g = 0 V, indicating that the Fermi level is located near the bottom of conduction band at V g = 0 V. This result significantly supports the Fermi level's location near bottom of the conduction band.
www.nature.com/scientificreports www.nature.com/scientificreports/ To sum up, the location of the Fermi level determined from Hall effect and comparison between transport properties in Ag doped Bi 2 Se 3 (our study) and Sb doped Bi 2 Se 3 (ref. 12 ) is consistent with that determined from the preliminary ARPES and the FET data ( Fig. 3(a) ). Therefore, the transport data (R-T plot and n-T plot) achieved in this study is complementary for the ARPES and FET data. In addition, the Hall effect measurements of Bi 2 (Fig. 2d) (Fig. 2a) . These results indicate that the larger amount of Ag doping than www.nature.com/scientificreports www.nature.com/scientificreports/ x = 0.05 in Ag x Bi 2−x Se 3 is not so effective to tune the Fermi level downward, indicating no hole doping at more than 0.1 (=0.05 × 2), i.e., no substitution of Ag for Bi. Recent photoelectron holography measurement suggests the occurrence of not only substitution but also intercalation for x = 0.2 27 , although only a substitution is suggested for x = 0.05 26, 27 Figure 3a shows σ s as a function of V g of −60 to 60 V recorded for Ag 0.05 Bi 1.95 Se 3 single-crystal FET using a SiO 2 gate dielectric (Fig. 1d) at 272 K. The σ s -V g plot exhibits n-channel normally-on properties; the single crystal was 105-nm thick. Thus, the single crystals are made electron-rich without any application of V g , and the quantity of electrons in the channel region is weakly tuned by applying V g . The σ s -V g plot at 60 K is also shown in Fig. 3a . The plot shows a steeper slope than that at 272 K when applying negative V g , implying an effective depletion of the channel region when applying negative V g . These results suggest the presence of significant bulk conductance even in Ag 0.05 Bi 1.95 Se 3 . This problem is discussed later. Figure 3b shows the ρ s -T plots at different V g values of −50, 0, and 50 V, with 105-nm thick Ag 0.05 Bi 1.95 Se 3 . Three ρ s -T plots show no difference at 200 K, but the difference increases near T cr (=35 K), and the ρ s decreases with increasing V g from −50 to 50 V, consistent with the σ s -V g plot at 60 K (Fig. 3a) . The difference disappears below T cr , implying a small gate-voltage modulation of transport properties.
The schematic representation of the Ag 0.05 Bi 1.95 Se 3 single-crystal FET with an ionic liquid gate capacitor (105-nm thick Ag 0.05 Bi 1.95 Se 3 single-crystal electric-double-layer transistor (EDLT)) is shown in Fig. 3c . Figure 3d shows the σ s -V g plot at 242 K for the Ag 0.05 Bi 1.95 Se 3 EDLT, which exhibited n-channel normally-on properties and clearly showed low-voltage operation. Figure 4a shows the ρ s -T plots for the Ag 0.05 Bi 1.95 Se 3 single-crystal EDLT over a V g range from 0 to 5 V with a 105-nm thick single crystal. The ρ s value decreased with an increase in V g , and non-metallic behavior (an inverse V-shaped ρ s -T plot) at 0-2 V changed very markedly to metallic behavior at 5 V. The transition of the ρ s -T plot observed around 35 K becomes ambiguous with increasing V g . The ρ s -T plot at V g = 5 V is similar to that of www.nature.com/scientificreports www.nature.com/scientificreports/ non-doped Bi 2 Se 3 (see Fig. 2a ), indicating that the Fermi level reaches the conduction band as shown in Fig. 4b . Clearly, the applied gate-voltage tunes the Fermi level.
The field-effect mobility, 
Discussion
The inverse V-shaped ρ-T (or ρ s -T) plot in Ag x Bi 2−x Se 3 is the most interesting observation in this study. As illustrated in Fig. 2e , the Fermi level of Ag x Bi 2−x Se 3 is located on the bottom area of the conduction band or near the top of the surface states. Therefore, the ρ-T plot should reflect the surface states to some extent, in which the density of states (DOS) is much smaller than in the conduction band. In Ag 0.05 Bi 1.95 Se 3 , the bulk region of crystal is an insulator-like and the surface is metallic, which is different from that of non-doped Bi 2 Se 3 with the complete crossing of the Fermi level to conduction band. This situation should lead to insulating behavior at high temperatures, because the bulk contribution may predominate for thick crystal and the transport property should be governed by the thermal excitation to the conduction band. In other words, the surface transport is hidden by the bulk conduction. This is the first scenario for explaining the insulating behavior above T cr .
Here, it should be noticed that the temperature dependence of ρ reflecting surface states may slowly decrease at low temperature, because the ρ-T plot of non-doped graphene, which were measured with/without applying V g , showed a very slow decrease with decreasing temperature below 150 K 32, 33 . Therefore, the rapid decrease in ρ-T plot below T cr (=35 K) found for Ag x Bi 2−x Se 3 may not be explained by considering the conduction through the surface states. Therefore, we assumed that the Fermi level shifted upward to cross the conduction band at T cr . In this case, the bulk transport should suddenly change from insulating to metallic behaviour. If it is the case, the inverse-V shaped ρ-T plot mainly reflects a bulk transport in a whole temperature range (1.5-270 K), although the surface states indirectly affects the ρ-T plot. The n value determined from Hall effect (Fig. 2c) shows the drastic increase with decreasing temperature below T cr , which correlates with ρ-T plot, showing that the variation of ρ can be substantially explained by electron density. Such a drastic increase in n may be easily explained by the upward moving of the Fermi level. However, it is still unclear whether such a Fermi level shift takes place below the T cr , and why it happens. We must investigate whether the structural transition or the electronic variation occurs at T cr , using various probe techniques such as temperature-dependent XRD, temperature dependent X-ray emission spectroscopy and so on.
We may comment on the other scenario for insulating behaviour of ρ-T plot in the high-temperature range above the T cr . The insulating behaviour in Ag x Bi 2−x Se 3 may originate from the crossing of the Fermi level to surface states, since the defective graphene provides an insulating behaviour for the ρ-T plot 34 . If the surface region of Ag x Bi 2−x Se 3 will be much defective, the insulating behaviour may be observed in the ρ-T plot. This is the second scenario. Even in this scenario, we must assume the Fermi level shift for explaining the ρ-T plot below the T cr . Figure 4c shows the ρ-T plots from 60-nm and 105-nm thick Ag 0.05 Bi 1.95 Se 3 single crystals. The slope of the temperature dependence curve of ρ in thick single crystal (105 nm) both above and below T cr is steeper than that of thin single crystal (60 nm). In case of thick single crystal, the bulk transport should contribute significantly to the transport properties in comparison with thin single crystal. Therefore, the change of transport properties between thin and thick single crystals suggests that the ρ-T plot may mainly reflect the bulk transport in all temperature range, since the surface states should provide a constant contribution to the ρ-T plot regardless of thickness of crystal. As a consequence, we insist that the first scenario may explain the inverse-V shaped ρ-T plots observed in this study, although the second scenario must be more fully examined. 
